Abstract-The sea urchin sperm fertilization bioassay is an approved U.S. Environmental Protection Agency (U.S. EPA) biomonitoring tool for regulatory and compliance purposes. The method adapted for the Hawaiian species Tripneustes gratilla recommends a sperm-to-egg ratio of 2,500. Using a fixed ratio for all tests does not sufficiently account for seasonal and individual variabilities of this organism. Our studies showed that gametes must be present at specific concentrations, which are unique for each batch. Parallel experiments were conducted to compare tests using a constant 2,500 sperm-to-egg ratio with tests using an optimized sperm dosage determined prior to each analysis. The recommended 2,500 sperm-to-egg ratio often gave overfertilized controls and reduced toxicological response. The risks of oversperming and concomitant toxicity masking were minimized when the bioassays were performed with optimum sperm-to-egg ratio.
INTRODUCTION
Published work shows the wide application of echinoderm bioassays in marine pollution monitoring. Sea urchin gametes and early embryos were found to be quite sensitive to environmental toxicants [1] [2] [3] [4] [5] [6] [7] . Several investigations focused on identifying factors that influence the sensitivity and variability of the sea urchin sperm cell fertilization test [8] [9] [10] . The method basically entails exposure of sperm cells to test solutions for a certain period before addition of eggs. Test endpoint is the percentage of eggs exhibiting an elevated fertilization membrane.
Recognizing the test's sensitivity, ease of preparation, and short duration, the U.S. EPA included the echinoderm bioassay in the recommended methods for estimating toxicity of effluents to marine organisms. For regulatory monitoring purposes, studies were made to standardize sperm exposure time, spermto-egg ratio for various species, dilution water, salinity, test containers, and temperature [11, 12] . Sea urchin species that are recommended in U.S. EPA methods are the Atlantic's Arbacia punctulata and the Pacific's Strongylocentrotus purpuratus. The bioassay protocols were subsequently adapted to various Hawaiian sea urchin species [13] and to Tripneustes gratilla in particular [14] .
The U.S. EPA has set a range of 70% to 90% egg fertilization in controls as a test acceptability criterion for the method using Arbacia punctulata [15] and greater than 70% for Stongylocentrotus purpuratus [16] . For Hawaiian species, Dinnel recommended repeating tests with control fertilization rates below 60% [13] . Nacci and Morrison considered tests acceptable if concurrent standard toxicant response is within the normal range described in the laboratory's control chart [14] . In earlier publications, Dinnel et al. [11] and Nacci et al. [12, 17] considered control fertilization between 60% and 90% as acceptable. Egg fertilization in the control should be * To whom correspondence may be addressed (lvazquez@co.honolulu.hi.us).
lower than 100% to ensure limited supply of sperm and detection of toxic response [9] . It is quite possible that 100% fertilization is achieved in the presence of toxicants even at toxic concentrations when sperm is abundant. Moreover, such abundance will not reveal any enhancing effect of the test sample. Hormesis is generally not perceived as detrimental but consistent stimulatory effects from a test sample should be noted. Dinnel et al. found that certain levels of some toxicants like copper and dieldrin enhance fertilization [10] .
Although 100% control fertilization should be avoided, sufficiently high control fertilization is desired to optimize resolution of test results. Control fertilization below 60% is accompanied by greater variability and reduced resolution of toxic response [11] .
Guided by the U.S. EPA Environmental Research Laboratory protocol developed by Nacci and Morrison [14] , our laboratory performed the T. gratilla sperm fertilization bioassay to evaluate toxicity of wastewater samples discharged to the ocean. The method requires a 60-min exposure of sperm to test solutions before egg addition and a constant sperm-toegg ratio (S/E) of 2,500. Our laboratory data often showed control fertilization either below 60% or at 100%. This wide variability prompted us to examine the effect of test conditions on bioassay performance. Our results were consistent with earlier findings that fertilizing capability of sperm declined with time after dilution in seawater [13, 18] . Sea urchin sperm are quiescent in the animal gonads. On dilution with seawater, sperm cells become highly motile with a consequent exhaustion of their phospholipid energy reserves. Eventually, the cells become senescent and lose their ability to fertilize eggs [19] .
Based on these findings, we developed a spectrophotometric method to replace microscopic counting of sperm and serial sperm dilutions (L. Vazquez, Hawaii Water Environmental Association Preconference Workshop, Pearl City, HI, USA, unpublished data). These recommended steps take an hour to complete and are prone to errors from subjective counting and small volume measurements. The spectrophotometric method utilizes the linear relationship between sperm cell concentration and light extinction for preparing sperm test solutions. Maximum activity of sperm at test initiation is ensured because this method enables the preparation of the working sperm solution in only five min.
After having minimized differences traceable to analytical techniques, variability in fertilization performance of gametes in dilution water was still unacceptable. Adjustments to the density of sperm relative to egg were made to improve consistency in control fertilization. Defining the optimum rate of sperming for every batch of gametes pooled for the test was found necessary to counter the effect of inherent biological differences and seasonal variations. The objective of this article is to determine whether differences in sensitivity and measured toxicity values exist between tests using the recommended 2500 S/E and tests using the optimum S/E.
MATERIALS AND METHODS

Laboratory materials
Exposure chambers were new, unwashed disposable 100 mm ϫ 16 mm borosilicate test tubes. Glass beakers were dedicated for gamete collection and preparation. These were washed with hot tap water and rinsed with distilled water. Acids and detergents were avoided because even trace amounts could adversely affect test performance. Automatic pipettor tips were trimmed to 1-mm diameter openings for sperm delivery and to 2-mm diameter openings for eggs. The trimmed tips were subsequently soaked for about 24 h in distilled water.
Control water used for dilutions and gamete preparation was uncontaminated natural seawater. Salinity of natural seawater was 34 Ϯ 1 ppt; pH was 8.10.
Preparation of gametes
Test animals were transported individually in containers lined with paper toweling dampened with seawater. Spawning was induced by shaking the animals using rapid wrist movements until gametes became visible about the gonopores. Shaking time depended on the animal's readiness to spawn and varied from 10 to 60 seconds. We discovered this technique as a suitable alternative to the common induction methods involving osmotic or electrical shock. Female gametes, which are pale to bright orange, were collected by placing the urchins with the oral side up over 100-ml glass beakers filled with seawater. The females, resting on the beaker's rim, had their gonopores immersed in sea water for egg collection. Male gametes, which are creamy white, were collected dry by placing the urchins with the oral side up over dry 100-ml glass beakers. Sperm samples, after checking for any egg contamination and motility, were pooled in a dry test tube and chilled on ice. Female gametes, after verification for maturity and absence of sperm contamination, were pooled in a beaker and maintained at room temperature. Pooled eggs were washed twice with seawater and a subsample of the washed eggs was suspended in seawater. Two 100-l portions of the egg suspension were transferred to a Sedgwick-Rafter counting chamber (ProSciTech, Thuringowa, Australia) and examined under a stereomicroscope at 10ϫ magnification. Dilutions of the egg suspension were made to obtain a count of 200 Ϯ 20 eggs in each 100-l portions.
The sperm suspension with 10 million cells per ml was prepared by adding two to three drops of the dry sperm stock to about 250 ml of seawater and diluting the suspension until it gave an absorbance of 0.165 Ϯ 0.005 at 750 nm using a 1-cm cell.
Optimum sperm cell density
The pretest to determine optimum sperm cell density was an abbreviated version of the recommended protocol for conducting the T. gratilla sperm fertilization toxicity test [14] . Shortening sperm exposure from 60 to 45 min did not significantly change sperm fertilization behavior. Egg preservation was not necessary because the eggs were immediately examined for the presence of elevated fertilization membranes.
Set amounts of the prepared sperm suspension were added to test tubes containing 8 ml of sea water to give 0.6 ϫ 10 6 to 5.0 ϫ 10 6 sperm cells in the test chambers. After 45-min sperm exposure, 1.0 ml of prepared egg suspension containing 2,000 eggs was added. Fertilization was allowed to proceed for 20 min. Subsamples of settled eggs from the test chambers were transferred to a Sedgewick-Rafter counting chamber and examined under a phase-contrast microscope at 400ϫ magnification. The proportion of eggs with elevated fertilization membranes in each test tube was immediately determined. The S/E that gave about 90% fertilization was chosen for the definitive test.
Test samples
Wastewater samples were serially diluted at 50% concentration intervals to give five dilutions as specified in the discharger's permits. Four to six replicates were prepared for every concentration. Sodium dodecyl sulfate (Sigma Chemical, St. Louis, MO, USA) was used as reference toxicant. The highest toxicant concentration tested was 4.0 mg of sodium dodecyl sulfate per liter. Water quality parameters measured in wastewater samples included temperature, dissolved oxygen, ammonia nitrogen, and pH. Salinity of test solutions was 34 Ϯ 1 ppt.
Definitive test
A fresh sperm solution with 10 million cells/ml was prepared from the original dry sperm stock. The optimum volume of sperm solution was immediately added to the randomized test chambers. After incubation for 60 min at 24 Ϯ 1ЊC, one ml of egg suspension was added and fertilization was allowed to proceed for 20 min. The eggs were preserved by adding 0.5 ml of 0.04% glutaraldehyde in seawater. Microscopic evaluation of eggs was completed within 24 h.
Statistical analysis
Data analysis was performed following statistical methods recommended by the U.S. EPA [16] . Values for observed effects were obtained using hypothesis testing, either by Dunnett's procedure or Steel's Many-one rank test. Dunnett's procedure was applied for data that showed normal distribution and homogeneity of variance. Wastewater samples were considered toxic whenever the observed effects, expressed in toxic units, exceeded the discharger's permit compliance criteria. Toxic units were calculated by dividing 100 by the highest concentration of toxicant with no detectable toxicity. Point estimates of toxicant concentrations causing 25% and 50% adverse effects were determined by linear interpolation.
RESULTS AND DISCUSSION
Optimum S/E values that were selected ranged from 300 to 1600. Control fertilization success with these ratios was Table 1 . Toxicity values for sodium dodecyl sulfate reference toxicant and wastewater samples from concurrent tests using 2,500 sperm-to-egg ratio (2,500 S/E) and optimal sperming (Opt S/E). Inhibition concentrations causing 25% and 50% reduction of egg fertilization (IC25 and IC50) and associated 95% confidence intervals (95% CI) are shown. Some linear interpolation estimates cannot be calculated (NC) from 79% to 99%. In many cases, sperming at 2,500 S/E gave 100% control fertilization. This observation strongly indicates that the recommended dosage will frequently give an excess supply of sperm cells. Results confirm that for this particular Hawaiian species, it is not possible to select a single S/E that will consistently produce acceptable control fertilization performance for every batch of gametes.
Chronic toxicity of 15 wastewater samples, as determined by hypothesis testing of fertilization data, was significantly higher in bioassays that employed optimum sperming. Toxicity measured in tests that used 2,500 S/E ranged from 40 to 313 Toxic Units and had a mean of 130. Toxicity measured in concurrent tests with the optimum S/E ranged from 40 to 625 toxic units and had a mean of 304. Toxicity exceeding the discharger's permit limitations was detected in some samples using optimum S/E but not with 2,500 S/E.
The table compares the effects of these two sperming methods on toxicity results in terms of 25% and 50% inhibition concentrations. For the reference toxicant, sodium dodecylsulfate, the point estimates obtained with optimum S/E were consistently lower than those obtained with 2,500 S/E. The same pattern holds for wastewater samples except in the few cases where linear interpolation estimates could not be performed.
CONCLUSION
Results presented in this work point out the impact of sperm-to-egg ratio on the sensitivity of T. gratilla fertilization bioassay. Routinely identifying the optimum dosage before the actual test improves the sensitivity and utility of this chronic method.
Tests with 2,500 sperm-to-egg ratio give detectable responses at higher toxicant concentrations. These test results may compromise compliance with regulatory requirements by failing to validly assess the potential biological impact of wastewaters.
